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Abstract 
Objective: The aim of this high-density EEG study was to investigate the manner in which the infant 
brain estimates time to collision (loom speed), and the development of this process, in both full-term 
and preterm babies. Proposed was that the rate-of-change of a visual evoked potential (VEP) could be 
used to determine whether an estimation of time-to-collision had been made. Furthermore, it was 
hypothesized that full-term babies were better able to distinguish between loom speeds than preterm 
babies, and that performance generally would improve over time. 
Methods: Longitudinal EEG data was obtained from 20 infants subjected to a ‘looming stimulus’, 
which is a visual representation of an object on collision course. The infants were divided into a 
preterm and a full-term group and were tested at age 4-5 months and again at the age of 11-12 
months. The looming stimulus elicited VEP’s at occipital electrodes, which were converted into their 
corresponding series of tau (߬) values. A ߬-value gives the time it would take to reach a certain 
destination at the velocity calculated for each individual data point. Corresponding standard ߬-values, 
based on David N. Lee’s ‘intrinsic tau-guide’ (߬ீ) were calculated and these were regressed on the ߬-values of the VEP. The slope (k) of the resulting regression analysis described the deviation of the 
VEP’s ߬ curve from the standard ߬ீ  curve. A lower k-value predicts a greater deviation from ߬ீ , which is associated with a greater flow of electric charge (instantaneous current) early in the VEP. A three-
way mixed ANOVA was performed to study interactions between group (full-term vs. preterm), loom 
speed (fast, medium, or low), and time (age 4 months vs. age 11 months). 
Results: The slopes for the slow (4 s.) loom were significantly different from the medium (3 s.) loom 
and fast (2 s.) loom. Because the difference between the fast and medium looms were not statistically 
significant, it was concluded that infants could not differentiate between these two conditions. Results 
also showed that preterm infants were better able to differentiate between loom-speeds than full-
term infants. Another outcome was that the regression slopes increased significantly over time, 
indicating that as the infants got older, the VEP-related flow of electric charge became more evenly 
distributed from peak to peak. 
Discussion: Taken as a whole, the preterm and full-term infants were, at both sessions, able to 
differentiate slow looms from fast and medium looms. However, the preterm group performed 
significantly better than the full-term group. While performance of only the preterm group increased 
significantly over time, the full-term group did show a trend towards better performance. Mean k-
values did increase significantly from the first to the second session. This indicates that as the infants 
got older, the VEP-related flow of electric charge became more evenly distributed from peak to peak, 
which suggests that k can be used as a measure of maturation of the VEP. However, several limitations 
make that this result is difficult to interpret based on the present study alone. One limitation of the 
study was the small sample size (10 preterm and 10 full-term infants). Therefore, it was recommended 
that further research include more subjects. Especially since there is wide inter-individual variability in 
performance that is known to occur in infants concerning the task of estimating time-to-collision.  
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1 Introduction 
How does the brain estimate time to collision? A rapidly approaching, or ‘looming’, object can 
represent a threat or at least a stimulus that captures the attention considerably. In a great variety of 
species, including humans and non-human animals, the processing of looming signals takes 
precedence over other, ongoing information processing (Xu et al., 2016). The salience of looming 
signals is reflected by the fact even from three weeks to one month on, children are able to defend 
themselves against rapidly approaching objects. Before they are able to move their bodies out of the 
way in time, they will blink to protect their eyes and make backward head movements (Yonas, 
Pettersen, & Lockman, 1979). Early research by Yonas (1981) showed that starting from the age of 4 
months, blinking becomes a highly reliable response to optical collisions in infants. For a suitable 
response to a loom it is key to estimate time-to-impact. Even newborns, provided that speed of 
approach is kept under 25 cm/s, display adaptive avoidance responses to approaching objects, where 
the type of response depends on the speed and closeness of the stimulus (Bower, Broughton, & 
Moore, 1970). 
 For the present study longitudinal EEG data has been obtained from 20 infants subjected to a 
‘looming stimulus’, which is a visual representation of an object on collision course. To better 
understand de development of processing of looming signals we studied preterm and full-term  babies 
and tested them at age 4-5 months and again at the age of 11-12 months. The looming stimulus 
elicited visual evoked potentials (VEP’s, see Appendix A) which were analyzed in a novel way. Instead 
of characterizing the VEP’s by referring to their amplitude, duration or latency, the VEP’s were 
characterized by a function of their rate-of-change. The method used is called “intrinsic ߬-coupling” 
and will be described below. 
 What prompted the proposed study was earlier research conducted by Van der Weel and Van 
der Meer (2009). They found evidence that an aspect of the rate of change of VEP’s is to a certain 
extend related to the rate of change of the visual angle of the looming stimulus. In their study Van der 
Weel and Van der Meer showed that infants between the age of eight and eleven months become 
increasingly proficient at picking up temporal information of looming stimuli. This increase in ability is 
reflected in their VEPs, as evoked by their looming stimulus. They studied the first half of the VEP, see 
figure 1a, which reaches from peak looming VEP activity (positive voltage) to the first negative peak. 
Here the curve, or waveform of the VEP (source-waveform, or SWF) accelerates and then decelerates. 
It is assumed that this ‘down section’, where voltage (after the initial buildup) starts to decrease 
quickly, is where the infant picks up what is known as the ‘tau’ (߬) of the loom. A ߬-value gives the time 
it would take to reach a certain destination at the velocity calculated for each individual data point 
(see figure 1b). For the VEP this ‘destination’ would be peak negative voltage (a peak that occurs just 
after time-point 0.15 seconds in figure 1a. This point can also be described as the point where the 
voltage slope and the current (the flow of electric charge ) equals zero, see figure D.5 (appendix D. This 
߬-information is then used by the brain to estimate when the impact will occur. See Appendix B for 
more details on the theory of ߬. Several studies have shown that ߬-information is used to time bodily 
movements in humans, such as reaching, throwing and braking, as well as in several non-human 
animals and even in free swimming cells (Delafield-Butt, Pepping, McCaig, & Lee, 2012). A number of 
studies have investigated brain mechanisms that may be involved in the computation of ߬ in response 
to looming stimuli, e.g. in pigeons (Sun & Frost, 1998), cats (Liu, Wang & Li, 2011), humans, and 
primates (Xu et al., 2016). In bird species and mammals, the superior colliculus (optic tectum in birds), 
has been designated a key area. In humans however, a massive distributed neural network has been 
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Figure 1 
implicated, involving not only visual cortex, but also the superior temporal sulcus, right 
temporoparietal junction and some motor areas (Xu et al., 2016). 
 A physiological explanation for the theory of ߬ has been provided by several studies that 
identified neurons responsible for time to collision information, known as “߬-neurons”, located in the 
pigeon’s main visual (tectofugal) pathway. The ߬-neurons start tonic firing when collision is imminent 
(Wang & Frost, 1992; Sun & Frost, 1998; Wu, Niu, Yang, & Wang, 2005; Xiao et al., 2006). The study by 
Van der Weel & Van der Meer (2009) provided a physiological model at a level new to the field by 
regressing the temporal structure of the looming stimulus on the temporal structure of post-synaptic 
current flow. They did this by ߬-coupling the ߬ of the VEP’s source-waveform to the ߬ of the loom. 
 The analysis Van der Weel and Van der Meer (2009) used is called ‘extrinsic ߬-coupling 
analysis’ (Lee, 1998; Lee, 2009) In this analysis trajectory and velocity profiles are converted into their 
corresponding series of ߬-values, which can be graphed as ߬-curves. In for example a catching 
experiment this can involve carefully chosen bodily movements (using sensors) coupled with the 
movement of a ball flying through the air. What is usually found in such experiments is that the ߬-
curves of the movements the subject has to coordinate, will look more and more alike the better 
skilled the subject is or becomes (Lee, 2009). 
 In their analysis Van der Weel and Van der Meer (2009) compared the ߬-curves calculated for 
the VEP’s with the three ߬-curves calculated for the change in visual angle of the looming stimulus (i.e. 
three curves, one for each loom-speed condition). To compare each pair of curves, regression analysis 
was performed. The results showed that the ߬-curves of the looms were reflected in the shapes of the 
Figure 1. Van der Weel and Van der Meer (2009) tau-coupled the source waveform (SWF) of the visual event-related potential to the loom that evoked it.  A: the section from peak positive voltage to peak negative is called the ‘down section’; in red its rate of change. B: The relative rate of expansion as the change in the visual angle of the loom, and its rate of change again in red. C: the tau-values graphed, note that the tau of the SWF looks logarithmic and the tau of the loom linear. The final regression analysis, after a recursive process, is performed on the part right of the black vertical line. D: The result of the regression analysis with the least-squares regression line in black. (Van der Weel and Van der Meer, 2009, p. 1389).  
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߬-curves of the VEP’s. Results also showed meaningful differences between age groups and they 
showed that children above the age of ten months were able to differentiate well between the various 
loom-speed conditions. 
 Even though the results of the study by Van der Weel and Van der Meer (2009) were 
meaningful, there were several shortcomings in the methodology that to date have not been 
addressed. The validity of the results depends on the validity of ߬-coupling visual angle information 
derived from a moving stimulus to EEG-derived SWF information. However, no measures had been 
undertaken to rule out the possibility that the correlation between both ߬-curves was coincidental. 
E.g. similar yet unrelated waveforms, (perhaps VEP peaks resulting from another stimulus) could be 
attempted to be ߬-coupled to loom speed as a control condition. 
 There are several reasons to suspect spurious correlation. When multiple regression analysis is 
performed on two curves there will be no significant scatter if two curves are alike, and high r-squared 
values can be reached. However, it is not unlikely that two curves that approach linearity or present 
some simple flowing pattern might coincidentally be alike. The trajectory curves and velocity profiles 
of the looming stimulus and the EEG SWF are quite dissimilar and would require data-transformation if 
one is to distill and test for meaningful patterns. Extrinsic ߬-coupling analysis includes such a 
transformation. The trajectory curves and velocity profiles of the two variables under investigation are 
converted into their corresponding series of ߬-values using the following equation (for details see 
method section): 
߬௑ = ( ௜ܺ − ܺ௘௡ௗ)/ ܺ௩௘௟   
A ߬-value gives the time it would take to reach zero at the velocity calculated for each individual data 
point. This means that for any ߬-curve the end point is always zero, since this is where movement finds 
its resolution (see figure 1c, figure 2, & figure 3). A weakness of this transformation is that the resulting 
curve always approaches linearity more and more the closer the values come to zero. It can quickly 
become tempting then to assume that two ߬-curves, when plotted together in the same graph, are 
comparable (compare the ߬SWF and ߬Loom curves in figure 1c). The reason for this tendency towards 
linearity is that the numbers divided by velocity, ‘distance to zero’ (see methods section), become 
smaller and smaller, in effect downscaling the impact of acceleration and deceleration. As can be seen 
in figures 2 & 3, the velocity profile of the SWF seems to have less and less impact on the shape of the 
߬-curve. In fact, even though the stimulus Van der Weel and Van der Meer (2009) used  was in 
constant acceleration, its ߬-curve was almost perfectly straight, which would indicate constant speed. 
It seems that sampling a small portion of the loom’s trajectory-profile would mask this acceleration for 
the ߬ analysis. (It may therefore be argued that it is questionable that the brain could calculate ߬ from 
information presented in a time window of <.05 seconds (see figure 1d), and pick up the accelerating 
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Figure 2 
nature of the stimulus even though it appears to be at constant speed, - at least when graphed.) 
 The graphed ߬SWF curves were regressed on the ߬Loom curves using simple linear regression. In 
normal regression analysis, the resulting regression line would never be able to fit data, i.e. the 
goodness of fit of the model, expressed as r-squared (r2), would be very low. Therefore, to compare 
the ߬-curve of the SWF to the ߬-curve of the loom, recursive regression analysis was used. This means 
that the first data-points of both curves are removed until the regression analysis finds a ‘match’. 
While in the Van der Weel and Van der Meer (2009) study the required r-square value was set high, at 
.95, the percentage of the curves used was on average between 65 and 70 percent (69.9% (SD=9), 
65.4% (SD=11) and 66.4% (SD=10) for the 10 – 11, 8 – 9 and 5 – 6-month-old infants, respectively). 
This means that about 30 to 35 percent of the SWF data was not used in the final regression analysis 
of the recursive process. By in effect deleting the shorter logarithmic-looking part of the curve Van der 
Weel and Van der Meer (2009) succeeded in matching the linear ߬Loom curve to the logarithmic ߬SWF 
curve. Both were then sufficiently linear for the regression analysis to reach an r-squared value above 
.95. 
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Figure 2: Blue: The X values correspond to the voltage data and is identical to the SWF derived from the EEG. Gray: the values resulting from subtracting the last value of X from each value of X (Xi – Xend). These values are then divided by the velocity of X (the yellow line) to produce the tau-values (the orange line). The tau values are multiplied by 1000 to bring them out in the graph. As can be seen, the velocity profile skews to the right. See also Appendix D.  
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Figure 3 
 Another complication is that the VEP peaks used for analysis by Van der Weel and Van der 
Meer (2009) were averaged before ߬-coupling analysis. ߬-coupling analysis is sensitive (although less 
so for smaller values of the continuous variable (X) under investigation, see Figure 1c) to sudden 
changes in the direction of the original curves (in terms of the degree of going up or down of the 
curve). By averaging the VEP peaks, their SWF’s resembled the required natural flowing pattern more 
than the individual VEP’s might have done. 
 Therefore, although the observations that k changes with age and that k-values are higher for 
faster looms are meaningful, two important limitations of the Van der Weel and Van der Meer (2009) 
study remain: 1) the averaging of the VEP peaks, 2) the possibility of false correlations between ߬-
curves. To tackle these problems, the present study will use non-averaged data; i.e. each VEP peak will 
undergo its own ߬-coupling analysis. The resulting descriptive values (the k values) will then be 
averaged per loom speed and per subject. To achieve higher ߬-coupling percentages, and thus keep as 
much of the original data as possible, a different but related analysis will be used. In this analysis, 
called intrinsic ߬-coupling (Lee, 1998; Pepping & Grealy, 2007; Lee, 2009), the ߬-curves of each SWF  
will be compared to a similar logarithmic curve (the ‘߬ீ ’ curve) and it is estimated ߬-couplings of well 
over 90% can be reached. An additional advantage of intrinsic ߬-coupling is that VEP peaks belonging 
to each different loom-speed can now be compared to one standard curve instead of three. This 
because the equation that lies at its base has only one adjustable parameter: total duration (T): 
 
߬ீ =  12 ( ݐ −
ܶீଶ
ݐ  )  
 To be able to confirm the hypothesis that the VEP’s represent an estimation of loom-speed, it 
is required that the k-values not only differ significantly from each other, but that they do so in a 
meaningful way. Specifically, it was hypothesized that the three mean-k-values associated with their 
corresponding loom-conditions have a linear or linear-quadratic relationship with each other (e.g. 
increasingly faster looms produce increasingly lower k-values). 
 In addition, it was hypothesized that the ability to estimate loom-speed would develop further 
during the period of 7 months between the two sessions. Based on the Van der Weel and Van der 
Meer (2009) study it was hypothesized that the 4-5 months old infants would not be able to 
differentiate at all between loom-speeds. The same study led to the expectation that the 11-12 
months old infants would be able to differentiate fast looms from medium and slow looms, and slow 
looms from medium looms. 
Figure 3. Transformations from X to Taug based on equations by David N. Lee. A: actual data (e.g. loom visual angle, SWF (VEP) data); B: velocity profiles, which can be thought of as the current, see Appendix D, for various values of k; C: taug-values. (Tan, 2007, p. 12).  
Ap Bp Cp 
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 Another expectation was that infants born preterm would be less able to differentiate 
between loom speeds compared to infants born full-term. It has been suggested that motion 
perception may be vulnerable to prematurity, regardless of the presence or absence of brain damage. 
Guzzetta et al. (2009), assessed perception of global motion (optic flow) in 26 school-aged children 
born preterm at a gestational age of below 34 weeks, half of whom without brain lesions. Included 
was a group of 13 age-matched children born full-term. Sensitivity for the perception of motion 
patterns was at a similar level for preterm children with and without brain lesions. Performance 
improved to the level of age-matched healthy children when the perceptual task involved static form 
information only.  
 Global motion, unlike local motion which depends on neurons with smaller directional 
receptive fields in area V1, depends on sites such as V3/V3A, V6 and areas in the intraparietal sulcus 
(Wattam-Bell et al., 2010). Channels O1, OZ, and O2 are situated over areas V1, V2, and V3. Collectively 
these areas provide the dominant activating inputs, via area V4, to inferior temporal cortical areas of 
the ventral stream. This area is also known as the parvocellular pathway and is implicated in the 
processing of form and color. However, areas V1, V2, and V3 also provide the main driving input to the 
key-area in the dorsal stream, the middle temporal area, or area MT (Kaas & Lyon, 2007). The dorsal 
stream, also known as the magnocellular pathway is known to be involved in the processing of depth 
and motion. Tremblay et al. (2014) studied healthy preterm (born at gestational age of on average 29 
weeks) and full term infants of 3, 6, and 12 months old. They showed that the development of the 
magnocellular pathway was affected in the premature infants. This research involved stimuli that were 
known to differentially activate either the magnocellular or parvocellular pathway. Their study, based 
on VEP’s, suggested that premature children may in time overcome, at least partially, the delay in 
visual development. For the present study it was therefore expected that the preterm infants would 
have improved their ability to differentiate between loom-speeds by the second session, where they 
approached the age of 12 months. 
2 Methods 
2.1 Participants 
After approval from The Norwegian Regional Ethics Committee and Norwegian Data Services for the 
Social Sciences, babies were recruited by means of local newspaper announcements in which parents 
announce the birth of their child. In these, name and surname are present as well as the municipality 
of residence. Through a ‘yellow pages’-like website contact information was obtained. Subsequently 
parents were contacted by mail and later by phone. 
 Parents of preterm babies were approached via the principal pediatrician of the Neonatal 
Intensive Care Unit at St. Olav’s University Hospital in Trondheim, Norway. The three inclusion criteria 
were: 1) born at ≤ 33 weeks of gestation; 2) Birth weight ≥ 1000 g; and 3) absence of any perinatal 
issues leading to abnormal development, such as retinopathy, severe brain damage, or other major 
factors requiring serious medical interventions. 
 Parents that responded positively and agreed to participate were again informed about the 
nature of the experiment and informed consent forms were signed before the experiments took 
place, while given notice that they were free to withdraw at any time. All parents showed readiness to 
return around the child’s first birthday for the longitudinal part of the study. 
 A total of 20 healthy infants, 10 full-term (6 boys) and 10 preterm (7 boys), were recruited for 
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the study.  The ten full-term babies were first tested between June 2009 and September 2011. The 
ten preterm babies were tested between January 2011 and June 2011. Follow-up testing took place 
between December 2009 and April 2012 (full term) and between March 2011 and February 2012 
(preterm). The preterm infants were born at ≤ 33 weeks of gestation (mean (SD) = 31.0 weeks (1.8), 
range 28.3-33.0 weeks) with an average birth weight of 1622 g (range 1000-2670 g, SD = 453 g). The 
study was conducted in the Developmental Neuroscience Laboratory (Nevrovitenskapelig 
Utviklingslaboratorium or NU-lab) at the Norwegian University of Science and Technology (NTNU), 
Trondheim. 
 For the first session, the mean age of the preterm infants was 4.8 months (range 4.4 – 5.2 
months, SD = 0.3), while the full-term infants had a mean age of 4.4 months (range 3.2 – 6.0 months, 
SD = 0.9). For the second session, the mean age of the preterm infants was 12.3 months (range 11.5 – 
13.6 months, SD = 0.6), while the full-term infants had a mean age of 11.5 months (range 10.8 – 12.4 
months, SD = 0.6). One of the full-term infants did not provide sufficient data on the first session, and 
was therefore excluded from the longitudinal analysis. 
2.2 Stimuli 
The infants all followed a testing protocol that included several stimuli among which the looming 
stimulus. The looming stimulus was generated with E-Prime (Psychology Software Tools), and an ASK 
M2 was used to reverse-project the stimulus on the back of a wide screen (108 cm wide, 80 cm high; 
see figure 4a). The looming stimulus comprised of a rotating black flat disk with 4 different colored 
circles (red, green, blue, and yellow) of equal size. The radius of the inner circles was 1/3 of the radius 
of the outer circle. The entire object revolved with a constant angular velocity of 300 degrees per 
second and was shown on an off-white background. The stimulus was set to loom towards the infant 
with different accelerations to create an experience of an optic collision. 
 The virtual circular object loomed the infant under three different conditions with a constant 
acceleration over a period of 2 s (-21.1 m/s²), 3 s (-9.4 m/s²), and 4 s (-5.3 m/s²). In each of the three 
loom-speed conditions the image of the disk had the same size and visual angle at onset (diameter 6.5 
cm, visual angle 5°) and offset (diameter 350 cm, visual angle 131°). At the beginning of each loom, 
the disk appeared on the screen at a virtual distance of 43.1 m, where it stayed at its minimum size for 
1s. before expanding and finally disappearing, leaving the screen blank for 1s. A reversed looming 
condition, simulating the disk moving away from the infant, was used to allow for a control condition 
and also served as an interesting diversion so as to uphold infant’s morale. The looming conditions, as 
well as the control condition, were presented in random order. The infants were presented with an 
average of 46.3 (SD = 7.3) looming trials during the experimental session, not including the control 
trials. 
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Figure 4 
 
2.3 Apparatus 
EEG activity was recorded with Geodesic Sensor Net 200 (GSN), which consisted of an array of 128 
electrodes evenly distributed across the participant’s head (figure 5). All electrode impedances were 
kept under 50Ω to ensure optimal signal-to-noise ratio. The amplified EEG signals were recorded at a 
sampling rate of 500 Hz using Net Station software. 
 An infrared Tobii X50 camera was used to track the infant’s gaze. The visual feed was 
processed with ‘Clear View’ software. In addition to the Tobii camera, a digital video recorded from a 
camera placed in front of the infant was used to monitor behavior during the experiment. Both the 
Tobii data and video footage could be recalled during analysis and viewed in-line with the EEG record. 
 
 
Figure 4: Experimental set-up and stimulus time sequence A) A circular disc appears to approach the infant as it is back-
projected on a screen that is removed 80 cm from the participating baby. All babies were sitting in mother’s lap. The 
Tobii eyetracker (indicated by a white arrow) registers eye movements. Later this eye-data is plotted in BESA under EEG 
channels. B) First a rotating circular disc remains in position for 1 second during ‘fixation & baseline’ phase; then the 
circular disc moves towards the baby, all the while rotating, ‘reaching’ the baby within 2, 3, or 4 seconds (sequence is 
randomized). After stimulus-end the same interval of 1 second sits between the consecutive looms, until the end of the 
experiment is reached. Adapted from Van der Weel & Van der Meer (2009), p. 1386. 
9  
Figure 5   
2.4 Procedure 
On arrival, the parent(s) were typically first informed about the experiment and given the consent 
form while the infant was given time to get used to the strange environment. Assistants would 
measure the infant’s head circumference for appropriate electrode net selection. The electrode net 
would then be submerged in a solution of distilled water, saline, and a few drops of baby-shampoo in 
order to optimize electrical conductivity. After mounting the electrode net, a quick assessment was 
made to find electrodes with insufficient contact with the scalp, which would then be repositioned in 
order to improve contact. The infant and parent then were immediately led into the experimental 
room. 
 In the experimental room, the infant was positioned facing a wide screen (1.1 x 0.8 m) hanging 
from the ceiling 0.8 m away from the infant. The infant sat on the parent’s lap during the first testing 
session and in a car seat with one parent right next to them during the second session. The net was 
plugged into an amplifier and the impedance of the electrodes was checked. A researcher or assistant 
would sit beside the infant to keep him/her calm during the experimental procedure. Stimulus 
generation and data acquisition was conducted from the control room, which was separated from the 
experimental room by a sound-proof window. 
 The experimental session began immediately after calibrating the infant’s eye movements to 
the infrared Tobii X50 camera. An ‘optic flow’ stimulus was presented first, followed by the looming 
stimulus. Each experiment took 4-5 minutes on average. While data acquisition would be carried out 
in one block, presentation of the stimuli would be paused if an infant showed a sizable lapse of 
interest (at which time researcher or parent could play with the infant for a short period of time). The 
experimental session would be aborted after sufficient data was acquired, or if the infant became 
distressed, drowsy, or showed signs of considerable boredom.  
Figure 5. Virtual 27 channel standard montage (in grey and black) within full high density 128 net (white, grey and black). 
Highlighted are channel O1 (red), OZ (yellow), and O2 (green). Adapted from Oostenveld & Praamsma (2001), p. 716-
717. 
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2.5 EEG data and VEP selection 
The software that was used for the first part of the analysis was Brain Electrical Source Analysis (BESA 
5.3-6.1, MEGIS software GmbH). To remove slow drift, a notch filter was set at 50 Hz. A forward type 
low cut-off filter was applied at 0.53 Hz, and a zero phase type high cut-off filter at 15 Hz. The 
participant’s percentages of bad channels were well below the 10% cutoff-point that was set as 
criterion for inclusion in further analysis. 
 In BESA, the 128 electrodes were combined into a virtual montage of 27 interpolated channels 
at standardized locations (Scherg, Ille, Bornfleth, & Berg, 2002). (See figure 5). Visual inspection of EEG 
data of all 27 channels was carried out. As an aid, a voltage map of the whole scalp was used. It was 
expected that VEP’s would be found near standard sites O1, OZ, and O2 during the stimulus or at 
stimulus offset (see Appendix A). Of these three, the channels carrying the most noticeable VEP’s were 
selected for intrinsic ߬-coupling analysis. Based on inspection of previous data it was expected site OZ 
would yield the clearest data for further analysis. Because of the assumption that ߬ீ  is employed after the looming stimulus is no longer visible, motion-offset VEP’s would be the preferred VEP’s for 
analysis, provided that enough occurred during trials. 
2.6  ߬-analysis 
Each VEP’s source waveform (SWF) was marked and exported to a column of values in a plain-text file 
and imported into MATLAB® (MATLAB® 2014a, Mathworks®) using an application for MATLAB called 
“TauGUI”, which was provided by the Perception Movement Action Research Consortium (PMARC) 
based at the University of Edinburg. The ultimate goal of this program is to quantify the kinematics of 
the SWF in a single parameter called k, by carrying out a series of computations, which will be 
described in detail below. 
 
TauGUI identifies where the peaks and valleys in the SWF-file occur and allows the user to select an 
up- or down-section. After the user selects the relevant section, the program can go on to compute a 
value for parameter k in its intrinsic ߬-coupling analysis algorithm. The value of k is determined by 
performing a recursive linear regression analysis of the ߬ of the voltage, called ߬X, on the ߬ of the tau-
guide, ߬ீ . In the final step of the process regression analysis is performed with tauG as the independent variable and tauX as the dependent variable. 
  
2.7 Design, variables & statistical analysis 
The experiment was of a three-way repeated measures design. This resulted in a 2x2x3 factorial 
design. The design had three categorical independent variables: Session, Term, & Loom-Speed; and 
one continuous dependent variable, the K values (see figure 6). 
 To test this design, a three-way mixed ANOVA was performed, with two within-subjects 
factors (‘session’, two levels & ‘speed’, three levels) and one between-subjects factor (‘term’, two 
levels: preterm and full-term). The levels of session are referred to as T0 and T1, and the levels of 
within-subjects variable (loom-)speed are referred to as fast loom (2s.), medium loom (3s.), and slow 
loom (4s.). To minimize the risk of increasing type II errors, Fisher’s LSD (least significant difference) 
was used for multiple comparisons instead of the Bonferroni correction. The latter method would 
have resulted in a large reduction in power per test, given that it multiplies its correction by the 
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Figure 6 
number of comparisons performed (Perneger, 1998). Given that the present study is of a sizable 
factorial design, the large number of combinations between factors and their levels would render the 
Bonferroni correction excessively conservative.  
 
  4-5 months   1 year   
  T0, N=20  T1, N=20  
  N=10 N=10  N=10 N=10  
Spe
ed 
con
ditio
n  Fast 10 10 (2s.) 10 10 Fast 
Medium 10 10 (3s.) 10 10 Medium 
Slow 10 10 (4s.) 10 10 Slow 
  preterm full term  preterm full term  
3 Results 
3.1 EEG & ߬ analysis 
As expected, looming-stimulus related VEP activity focused around occipital interpolated channels O1, 
OZ, and O2, to the virtual exclusion of nearby channels. Waveform data for channel OZ, the central 
channel yielding the strongest signal was hand-picked and exported to simple ACII format files and 
cued for further analysis in ߬ீUI. Of the 20 infants participating in this study, 19 contributed a total of 642 valid motion-offset VEP-peaks at OZ at age 4-5 months – the 20th infant did not produce enough 
trials and consequently the data had to be considered unusable. This full-term infant was therefore 
left out of the longitudinal analysis.  At the follow-up session (age 1 year) the infants produced a total 
of 683 motion-offset VEP’s. Of the in total 1325 exported waveforms, 1081 could be ߬-coupled for 
90% or more with the vast majority of trials at a percentage of 95% or higher. This means that on 
average, each child contributed about eleven VEP’s per speed condition per session and of these, nine 
could be ߬-coupled. 
3.2 Statistical analysis in SPSS 
A three-way mixed ANOVA was performed, with two within-subjects factors (session: T0 & T1; loom- 
speed: fast, medium, & slow) and one between-subjects factor (term: preterm & full-term). The 
within-subjects main effect of session was found to be statistically significant, F(1, 17) = 5.808, p = 
.028, partial ηଶ = .255, indicating that the mean k-value (i.e. averaged over all three conditions) was 
higher at T1 (M = .272, SE = .012) than it was at T0 (M = .236, SE = .010). The main effect for the other 
within-subjects factor speed was also found to be statistically significant, (F(2, 34) = 13.408, p < .001, 
partial ηଶ = .441 (figure 7a). The nature of this effect was determined using an unadjusted multiple 
comparison test (Fisher’s LSD). Results showed that the four-second loom (M = .275, SD = .011), had a 
significantly (p < .05) higher k-value than the two-second loom (M = .239, SD = .008), and the three-
second loom (M = .247, SD = .009). The k-values of the two- and three-second looms did not differ 
significantly from each other (p > .05). (See figure 7b). Trend analysis showed that the mean k-values 
had a linear relationship with each other p < .001, partial ηଶ = .542. The quadratic component of trend 
Figure 6. The 2x2x3 factorial design of the experiment, showing the independent variables, or factors, with their various levels. 
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was not statistically significant (p = .090). 
 The interaction effect of Loom-speed X Session was not statistically significant F(2, 34) = .368, 
p = .695, indicating that the way the mean k-values per speed differ from one another is comparable 
across T0 and T1. This can be illustrated by an analysis based on the linearly independent pairwise 
comparisons among the estimated marginal means. In this analysis the multivariate simple effects of 
speed are tested for each level of Session. Results showed that the multivariate simple effect of speed 
at T0 was statistically significant, F(2, 16) = 3.855, p = .043 partial ηଶ = .325, as well as the simple effect 
at T1, F(2, 16) = 12.262, p = .001 partial ηଶ = .605. This means that at both T0 and T1 mean k-values 
differed significantly from each other. 
 
 
The lack of a statistically significant interaction-effect of Loom-speed X Session also suggests that the 
increases in mean k-value between T0 and T1 were comparable for each loom-speed condition (when 
the between-subjects factor term is not taken into account; for each loom-speed the increase in mean 
k-value was statistically significant. 
 The main effect of the between-subjects factor term was found not to be statistically 
significant, F(1, 17) = .706, p = .412, suggesting comparability between preterm and full-term groups 
when speed-condition and session are not taken into account. There was no statistically significant 
interaction effect of Session X Term, F(1, 17) = .008, p = .928, which indicates that prematurity did not 
cause differential development of the mean k-values over time (i.e. when the loom-speed condition is 
not taken into consideration. 
 The interaction effect of Loom-speed X Term was found to be statistically significant, F(2, 34) = 
4.127, p = .025, partial ηଶ = .195. Univariate tests were performed on the contrasts between the 
preterm and full-term groups for each speed condition. Results showed that the preterm and full-term 
groups did not differ significantly from one another within either of the three speed conditions (p = 
.532 for the fast loom; p = .268 for the medium loom; and p = .175 for the slow loom). 
 The multivariate simple effect of loom-speed within the preterm group was statistically 
significant, F(2, 16) = 12.171, p = .001, partial ηଶ = .603, while in full term group it was not (p = .141, 
partial ηଶ = .217). An unadjusted multiple comparisons test (LSD) established that all three levels of 
loom-speed within the preterm group differed from one another (p < .05) (see figure 8b), while within 
the full-term group only the difference between the slow and medium loom-speeds reached statistical 
A B 
P = .230 
P < .001 P = .002 
Figure 7. A: K-values for the fast (2 second), medium (3 second), and slow (4 second) looms. K-values are averaged over 
groups (preterm and full-term) and sessions (T0 and T1). Confidence interval bounds are shown. B: Results of the 
unadjusted (LSD) multiple comparisons (pairwise contrasts) test. Significant (p < .05) contrasts are shaded gold.  
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significance (p > .05) (See figure 8c). This means that the statistically significant interaction effect of 
Speed X Term is due to the way the simple effect of speed, within the full-term group, deviates from 
the simple effect of speed in the preterm group. 
 
  
The interaction effect of Loom-speed X Session X Term was not statistically significant F(2, 34) = 1,962, 
p = .156, partial ηଶ = .103 (see Figure 9a & b). The multivariate simple effects of speed within T0 and 
T1 were analyzed per group. Results showed that a statistically significant multivariate simple effect of 
speed was present at T0 for the preterm group F(2, 16) = 3,663, p = .049, partial ηଶ = .314 (figure 9c). 
Effect size for the preterm group nearly doubled at T1, F(2, 16) = 13.146, p < .001, partial ηଶ = .622 
(figure 9d). This indicates that the lack of a statistically significant interaction effect of Loom-speed X 
Session X Term was partly due to the fact that the multivariate simple effects of speed within the 
preterm group were statistically significant at both T0 and T1. An unadjusted multiple comparisons 
test showed that within the preterm group at T0 only the fast and medium loom did not differ 
significantly from one another (see figure 9c). At T1 all three speed conditions differed significantly (p 
< .05) from one another (figure 9d). 
Figure 8. The interaction effect of Loom-
speed X Term was found to be 
statistically significant. Error bars signify 
confidence interval bounds (A). A 
multiple comparisons test showed that 
while the preterm group differentiated 
well between all three looms (B), the 
full-term group failed to differentiate 
between any of the loom conditions (C). 
Significant contrasts (least significant 
differences, p < .05) are shaded in gold. A
B C
P = .416 
P < .001 P = .188 
P = .016 
P = .045 P = .006 
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The multivariate simple effect of loom-speed within the full-term group was statistically insignificant 
(see figure 9e & f)for both T0 (F(2, 16) = .795, p = .469) and T1 (F(2, 16) = 3.200, p = .068), suggesting 
A B 
C D 
P = .879 
P = .013 P = .037 
P = .024 
P < .001 P = .027 
Figure 9. A & B: While there was no significant interaction effect for Speed X Session X Term, statistically 
significant multivariate simple effect of speed for the preterm group were found at T0 and T1. Error bars 
signify confidence interval bounds. C, D, E & F: Results of an unadjusted (least significant differences, LSD) 
multiple comparisons test. Significant contrasts are shaded gold. Multivariate simple effects are also given. 
P = .390 P = .897 
P = .211 P = .322 P = .022 P = .465 
E F 
(Multivariate: p = .049, partial ηଶ = .314) (Multivariate: p < .001, partial ηଶ = .622) 
(Multivariate: p = .469, partial ηଶ = .090) (Multivariate: p = .068, partial ηଶ = .286) 
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that for the full-term group mean k-values did not differ significantly from each other. However, an 
unadjusted LSD multiple comparisons test (p < .05) showed that at T1 the full term group 
differentiated successfully between the slow and the medium loom (figure 9f). Additionally, the 
multivariate simple effects of Session as well as the univariate simple effects of Term within each level 
combination of the other effects were analyzed. None of these tests reached statistical significance (p 
> .05). These findings corroborate with the observation made for the interaction effect of Speed X 
Term in which the preterm group best distinguished between the various loom speeds. 
Discussion 
The aim of this high-density EEG study was to investigate the effect of development in the first year of 
life on the ability to differentiate between loom speeds. Proposed was that the rate-of-change of a 
motion-offset VEP at channels O1, OZ, & O2, could be used to determine whether an estimation of 
time-to-collision had been made. Analyzed was whether the temporal dynamics of the motion-offset 
VEP’s, described by their corresponding k-values, were related to the speed of the loom. To be able to 
confirm the hypothesis that the VEP’s represented an estimation of loom-speed, it was required that 
the k-values differed significantly from each other, and that they did so in a meaningful way. 
Specifically, it was hypothesized that the three mean-k-values associated with their corresponding 
loom-conditions had a linear or linear-quadratic relationship with each other (e.g. increasingly faster 
looms producing increasingly lower k-values). The statistical analysis showed that the k-values 
averaged per loom speed differed from each other, and that their relationship with each other could 
be described as a linear trend. This supports the hypothesis that the functional significance of the 
motion-offset VEP’s at OZ may be understood as resulting from an estimation of loom-speed. Overall, 
the infants were best able to distinguish slow looms from fast and medium looms, while only the 
preterm group was also able to distinguish fast from medium looms. 
 Contrary to the findings of the Van der Weel and Van der Meer (2009) study, in which infants 
up to seven months of age failed to differentiate between any of the loom-speeds, the present study 
showed that infants of a very young age (4-5 months) were able to differentiate between loom-
speeds. The explanation for this discrepancy may lie in the fact that coupling ߬VEP to ߬LOOM allows the 
researcher to study only under 70% of the available data, as the study by Van der Weel and Van der 
Meer (2009) showed. As has been presented in the introduction, the >30% portion of the VEP that is 
thus deleted would actually provide the researcher with ߬-data that would be far more informative 
than the latter parts. In the present study the percentages of ߬-coupling (߬VEP to ߬ீ) were much higher: > 90% and in most cases 95% or higher, excluding less than 10% of the SWF. It may be that 
keeping this much data has made it easier to pick up differences in the temporal dynamics of the VEP’s 
and to show that infants at a much younger age are able to differentiate between loom-speeds. 
 Another possible explanation for the unexpected results concerning the younger infants may 
be related to the fact that the VEP’s Van der Weel and Van der Meer (2009) studied occurred much 
earlier during the looming stimulus. It may be that appraising an approaching object just over halfway 
during object-motion is simply too difficult a task to accomplish for younger infants. At the end of the 
looming stimulus the subject would have had more information to appraise the approaching object, 
which could explain why in this study, focusing on motion-offset VEP’s, infants performed well even at 
an early age. 
 Also in disaccord with Van der Weel and Van der Meer (2009), results showed that the mean 
k-values corresponding to the three loom-speeds had all increased significantly over time; i.e. from the 
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first session to the second session 7 months later.  Van der Weel and Van der Meer (2009) found that 
the k-values for the fast looms were stable across age groups. In fact, in their study the k-values for 
the slow and medium looms were considerably lower for the 8-9 month old infants compared to the 
infants in the age group 5-7 months. These simple effects were not tested statistically however. 
Furthermore, sample sizes per age-group were relatively small (n=6) and the study was of a cross-
sectional design, which raises the possibility that the differences between subjects across age-groups 
per loom-speed may have been due to inter-individual variability. Some evidence for inter-individual 
variability in functional development concerning the response to looming-stimuli exists. Kayed & Van 
der Meer (2007) found that between 22 and 30 weeks, infants started shifting in strategy to achieve a 
successful defensive blink in response to a looming stimulus. Most infants progressed during this 
period of 8 weeks from the least adaptive strategy, “visual angle” via “angular velocity” towards the 
most adaptive, “tau”. Some infants, however, relied already at 22 weeks on the tau-strategy (resulting 
in consistently blinking on-time), while one infant still used the least adaptive visual-angle strategy at 
30 weeks. 
 The problem of inter-individual variability appears to arise in the present study with respect to 
the difference in performance between full term and preterm groups. During the 7 months between 
the two sessions, the full-term and preterm groups taken as a whole did not improve in ability to 
differentiate between medium and fast looms. This could indicate that under channel OZ no 
substantial development of neural function had taken place that allowed infants to reliably estimate 
time-to-impact for fast moving objects (i.e. objects moving with an acceleration of 9,4 m/s2). When 
treated as separate groups however, the preterm group, unlike the full-term group, was shown to be 
able to also differentiate between medium and fast looms. Effect size was medium however. 
Therefore, if this discrepancy in performance between the two groups was a result of inter-individual 
variability, then a similar study – but with a larger sample size, might well reveal the same ability in 
full-term infants. Future studies with larger sample sizes are therefore recommended. 
 What found increase in mean k-value over time may signify is difficult to interpret given the 
nature of the EEG, which is not a clear-cut reflection of brain activity, but rather the byproduct of a 
complex interplay. The information the EEG provides is for instance biased to activity related to select 
neuron types. This is due to the fact that activity on dendrites can only be picked up by the EEG when 
their voltages summate with neighboring dendrites of a similar orientation to create a detectable 
signal. The level of the voltage at the scalp thus depends on how the neurons and their dendrites are 
orientated vertically (i.e. how many tenths of degrees from orthogonal from the skull). A slight spatial 
misalignment and their signal cannot be detected (Luck, 2005). 
 Orientation of neurons and their dendrites is one factor that might prove dynamic during 
development. There is another important aspect to hold into account, however. The polarity at the 
scalp (whether the EEG registers ‘negative’ or ‘positive’ voltage) depends on the location of excitatory 
input, i.e. in which cortical layer synaptic activity at the dendrites occurs (Kandel, Schwarz, Jessell, 
Siegelbaum, & Hudspeth, 2013). Input from the thalamus for example, such as in the geniculostriate 
pathway or other optic radiations toward primary visual cortex, will contribute to positive voltage 
deflections at the scalp. Input from nearby cortex would on the other hand, contribute to negative 
voltage deflections at the scalp. (Kandel et al., 2013). Several studies conducted on nonhuman animals 
indicate that early in life, inputs from the thalamus are remodeled. In humans, the increase and 
subsequent reduction in dendritic spines are likely related to how connectivity with the thalamus is 
reorganized (Kandel et al., 2013). The number of dendritic spines (small protrusions on a dendrite, 
which can contain a multitude of synapses), continues to grow through most of childhood. Relating to 
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visual cortex, it is known that from the second- until the eight month after birth the number of 
synapses in area V1 increases nearly three-fold; the rate of synaptic density matching this growth. 
After this massive increase a slight decrease sets in wherein synapses are eliminated (Purves et al., 
2012). What effect this would have on the VEP in the first year of life is not known, but It has been 
shown that in the fetal period the electrophysiological organization, in terms of the appearance and 
disappearance of transient EEG features, follows the same pattern of development in anatomical 
organization (Kostović, Knežević, Wisniewski, & Spilich, 1992). Early research suggested that 
maturation of the VEP occurs parallel to major changes in the organization of the visual cortex, i.e. in 
terms of tangential spread of apical dendrites, and appearance and elaboration of basilar dendrites 
(Purpura, 1975). 
 How this vast reorganization of visual cortex would influence the morphology of the VEP and 
whether it raises k-values is very difficult to predict. While a few studies have investigated the 
maturation of the VEP, the focus of these studies in terms of morphological features (i.e. on latency, 
amplitude, and/or components) of the various types of VEP’s was very different from the focus of the 
present study (i.e. k-values based on velocity profile). None of these studies used a looming stimulus, 
except for a study by Van der Meer, Svantesson, & Van der Weel (2012), who reported that the 
amplitude and duration of activity in the occipital (O) area (O1, OZ, and O2) decreased from 5-6 to 12-
13 months. 
 Atkinson & Braddick (2013) warn that although the VEP is a direct product of neural activity, 
inferring neural development from it should not be considered straightforward. For example, 
myelination of the visual pathway may enhance the magnitude of the VEP by making the summation, 
or synchrony, of dipoles tighter. This does not mean however, that earlier during development 
functional vision was inferior. It may be that neurons effected with EPSP’s are effected in a poorly 
synchronized way earlier in development, but nonetheless contribute effectively to functional vision 
(Atkinson & Braddick, 2013). 
 A common tendency of summated dipole activity strong enough to be picked up by the EEG, 
(called a ‘generator dipole’) is that it tends to spread out as it travels through the brain. Generator 
dipoles tend to spread laterally when they encounter the high resistance of the skull, creating the 
‘blurry’ surface map the EEG is known for. Since electricity travels at nearly the speed of light one does 
not have to ‘wait for the picture to clear up’; the voltages recorded at the scalp reflect what is 
happening in the brain at the same moment in time (Luck, 2005). However, significant information 
could well be transmitted by a small assembly of neurons that just happens to sit next to a major 
generator dipole. A change in the topography or the number of neurons could later in development 
‘reveal’ this small assembly’s transmission; i.e. due to reorganization of scalp potentials its voltage can 
now be identified, even though it was there all along (Atkinson & Braddick, 2013). 
 Such reorganization of scalp potentials during development has earlier been revealed by 
Wattam-Bell et al. (2010). They showed that both infants and adults produced very reliable VEP’s in 
response to a motion stimulus, but the topography of the adults’ scalp-potential distributions were 
very different from the infants’, which they argued was suggestive of a substantial reorganization of 
the relevant neural network between infancy and adulthood. According to the authors this 
dissimilarity was due to the VEP response in adulthood being dominated by a feedback loop from 
extrastriate areas to area V1 (under channel OZ in the present study), not yet present in infants. 
Atkinson & Braddick (2013) however, argue for a change in the spatiotemporal properties of the 
networks that respond to expanding optic flow (such as in the looming stimulus), and the network that 
is responsive to radial optic flow. 
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 One possibility, also given the high percentages of ߬-coupling, is that the neural activity giving 
rise to the VEP stems from ߬-neurons (Wang & Frost, 1992; Sun & Frost, 1998; Wu et al., 2005; Xiao & 
Wang, 2006). In a study involving subjects operating a joystick, researchers successfully related raw 
magnetoencephalography (MEG) sensors signals to movement-߬ and speed by regressing the time-
varying MEG signal on the corresponding values of speed and tau (Tan, Leuthold, Lee, Lynch, & 
Georgopoulos, 2009). As would be expected from right-handed human subjects operating the joystick 
with their right hand, significant relations, – i.e. percentages of tau-coupling (Tan, 2007), were 
restricted mainly to the left frontal-parietal and left parieto-temporal areas. This would indicate that 
tau-neurons may be ubiquitous and present in areas that make direct use of the information they 
process or produce, i.e. instead of being clustered together in a certain central area devoted to the 
task.  
 This in turn raises the possibility that the ߬-neurons contributing to the VEP’s in the Van der 
Meer & Van der Weel (2009) study were simply performing a different function or were part of a 
different network than the ߬-neurons that may have been responsible for the VEP’s analyzed in the 
present study. In that case the present study would have revealed the presence and location of 
assemblies of ߬-neurons involved in tau-guidance. Such an assumption would be debatable however, 
because there is insufficient information available in the literature to be confident that tau-coupling 
VEPs or other evoked or event-related potentials to ߬ீ  is valid. One way to achieve such confidence could be to attempt to tau-couple parts of the SWF’s of a variety of non-movement related ERP’s to 
߬ீ . If equally high ߬-coupling percentages were then achieved as in the present study, then it would become doubtful if the technique of intrinsic ߬-coupling can be relied upon in the attempt to reveal ߬-
neurons involved in intrinsic tau-guidance. Nevertheless, by using the technique of intrinsic ߬-coupling 
VEPs could be reliably differentiated from one another and in a meaningful way; i.e. k-values could be 
used to show a pattern where lower k-values were related to faster looms. The present study 
therefore also provides evidence that VEP information can be described in a way that is different from 
more conventional measures such as latency, amplitude, and duration. This is the merit of the 
technique of intrinsic ߬-coupling, because it enables the researcher to compare waveforms to a ‘single 
standard’ using an equation of which the SWF’s own duration is the only adjustable parameter. 
Because it is still unclear what the velocity profile of the VEP results from in terms of neural 
correlates, and because it is unclear how development influences the EEG, it should be noted that 
mean k-values might not continue to increase through development and might also decrease and 
follow a subsequent pattern of ups and downs. What can be derived from the Van der Weel & Van der 
Meer (2009) study with respect to mean k-values per group could well be supplementary to the 
findings of the present study, since these researchers did not have 4-5 month infants as their youngest 
age-group but 5-7 month olds. 
 While on the basis of the present study alone nothing can be concluded about the neural 
correlates underlying development, it can be concluded that the infant brain is at 4-5 months capable 
of identifying fast and slow looms. Behavioral studies are needed to clarify if this potential ability is 
also translated functionally, because it is unknown how a functional measure such as subjective 
awareness of a stimulus may relate to activity within neural populations, let alone to their 
synchronous activity (Atkinson & Braddick, 2013). A combination of VEP and behavioral techniques is 
for that reason recommended for further research.
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Appendix A: Post-synaptic potentials, the EEG, and the VEP 
The electrical activity picked up by the EEG, defined as fluctuations in voltage, does not stem from 
action potentials, but rather from summed post-synaptic potentials (PSP’s). The two main types of 
electrical activity associated with neurons are action potentials and postsynaptic potentials. It is 
possible to isolate action potentials arising from a neuron’s axon hillock (part of the cell-body linking 
the axon) using a single cell recording technique. Surface electrodes however, such as used in EEG, 
usually cannot detect action potentials. This is due to the fact that the voltage spikes, – generated by 
current repeatedly flowing in and out of the axon, are quickly carried away from the axon hillock 
toward the axon terminal; which could be from one millimeter away of the soma to up to anywhere in 
the brain. Even when the axons of several neurons run parallel to each other, they will rarely fire at 
precisely the same time, and their voltages traveling along their axons will typically not summate but 
rather cancel each other out (Luck, 2005). 
The postsynaptic potentials (PSP’s) are the voltages or changes in the membrane potential of 
the postsynaptic terminal of a chemical synapse. They arise either when neurotransmitter binds to the 
postsynaptic cell or – in the case of neurons that are also electrically coupled, when ionic current flows 
across a gap-junction from one neuron into a second neuron. In the latter case, the PSP generated at a 
single electric synapse will be about 1 mV at its peak, so several electrical PSP’s occurring 
simultaneously are necessary raise the membrane-voltage enough to produce an action potential 
(Bear, Connors, & Paradiso, 2007). This illustrates that PSP’s are graded potentials; current flowing 
into the postsynaptic cell leads to a graded change in the potential across the cell membrane.  
Likewise, in the case of the chemical synapse, which is the predominant kind of junction 
between neurons, neurotransmitter binding to receptors on the membrane of the postsynaptic 
element causes transmitter-gated ion channels to open and ionic currents to flow. In case of an 
excitatory PSP (EPSP) currents flows inward and the neuron depolarizes. The reverse is true for an 
inhibitory PSP (IPSP) where outflowing currents hyperpolarize the neuron. The graded change in 
membrane-potential is subject to summation (Purves et al., 2012). For instance, EPSP’s and IPSP’s may 
cancel each other out. PSP’s can summate when the synapse receives inputs that are close together in 
time (temporal summation) or when synapses are near each other (spatial summation). 
The EEG signal results from current-sinks and sources caused by excitatory post-synaptic potentials 
(EPSP’s) at dendrites originating from pyramidal neurons in cortical layers III and V. Would, for 
instance the EPSP’s occur at dendritic branches in layer I or II, the resulting positive charge would have 
to flow away from the postsynaptic elements and toward the cell body. This creates a current source 
on the apical dendrite nearer the cell body, and current flows through the extracellular space toward 
the current sink. However, not until electrostatic balance is restored, the dendrites nearer the skull 
keep (acting as a drain in a sink) attracting positively charged elements from all sides, including from 
opposite the current source, extending its attractive pull through the skull. This force is picked up and 
measured by the EEG-electrodes: the EEG now registers a negative or ‘downward’ voltage deflection. 
The reverse is true when the EPSP’s occur near the cell body. This would happen when input is of 
subcortical origin (e.g. the thalamus). In this case the current sink is created near the cell body and a 
current source at the dendritic branches nearer the skull, where the EEG electrodes pick up a positive 
or ‘upward’ voltage deflection (Kandel et al., 2013).  
 Positive or negative voltage deflections can only be picked up by the EEG when many 
thousands of neurons summate their tiny dipoles (a dipole is a pair of electric charges of opposite sign, 
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in this case created by current-sink and -source) to create a detectable signal. The voltage at the scalp 
is also referred to as the electrostatic potential, electric field potential, electric potential difference, or 
simply the ‘potential’. When the potential is evoked by a stimulus (an event) and picked up in an 
experiment involving the EEG the potential is referred to as the event-related potential (ERP). An ERP 
evoked by a complex visual stimulus (such as face-processing) is sometimes called a visual ERP (VERP) 
to differentiate it from the term visual evoked potential (VEP) which is widely used in clinical settings 
as a diagnostic and in research involving simple visual stimuli (Luck, 2005). In figure A.1 an example is 
given of a trial where a looming stimulus evokes two separate VEP’s. The second VEP, because it 
occurs right after loom-end will be referred to as the motion-offset VEP.  
 The waveform of the VEP at the virtual channels (e.g. OZ) are called the source waveforms 
(SWF’s) and were calculated by BESA (forward solution) using whole-head data. 
 
  
Figure A.1. The BESA 5.3 interface with a VEP occurring during the stimulus marked with red line and yellow 
marker. The motion-offset VEP is marked in green. Channels O1, OZ, and O2 are highlighted in blue. In a separate window whole head voltage maps are visible (negative voltage fields in blue). 
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Appendix B: Invariants and the theory of tau (߬) 
The theory of ߬ is embedded in ecological thinking and developed by David N. Lee from work on J. J. 
Gibson's notion of ecological invariants (Gibson, 1986; Gordon, 2004; Pepping, & Grealy, 2007). 
Gibson hypothesized that animals, from lower species to humans, evolved to detect invariants, which 
would allow information about the environment to be processed in a simple and efficient way. The 
consequence of this would be that relevant information about the environment can still be retrieved, 
even in humans, in a direct manner without the need for higher level cognitive computations and 
elaborate neural networks. 
 An invariant is therefore described as an element present in the environment that remains 
constant as other conditions vary. Cues that provide an observer with depth-perception, something 
Gibson was especially interested in, can illustrate this point (Bruce, Green, & Georgeson, 2003). For 
example, while an object decreases in size the further away one moves, the amount of surface texture 
the object covers remains invariant (i.e. more texture would appear from under the object if it were to 
actually decrease in size). Another example is what is called “optic flow”:  e.g. a pilot about to land 
sees a distant runway as unmoving, while all optic texture moves outward and away from the runway 
along radial flow-lines (Gibson, 1950). Optic flow, a central aspect of Gibson’s early work, is also an 
invariant since it is something which always occurs when gaze and locomotion are in accordance. 
 The invariant present in the looming stimulus is understood to be the ‘visual angle’ which can 
be described as the increase in size of the circular disc. Of this relative rate of expansion and its rate-
of-change (figure 1b) ߬-values can be calculated and graphed, as can be seen in figure 1c. Note that it 
is hypothesized that no cognitive processes mediate the observer sensing the growth in size of the 
disk, and the observer perceiving that the disk has moved toward the observer. It is assumed that the 
߬ of the visual angle, which property changes constantly as the graph in figure 1c illustrates, is ‘sensed 
directly’ (in other words, it’s neural processing occurs at a very low level). 
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Appendix C: Intrinsic ߬-coupling and motion-offset VEPs 
Like extrinsic ߬-coupling, intrinsic ߬-coupling has its origins in the works of David N. Lee (1976) and it is 
of central importance in ‘general ߬ theory’ (Pepping & Grealy, 2007; Lee, 2009). Within general ߬ 
theory it is understood that timing arrival at a goal and controlling the force and momentum upon 
arrival is guided by an internally generated ‘߬ guide’, ߬ீ  (Lee, 1998; Pepping & Grealy, 2007). Where in the brain this guide has its origins or what process lies at its base is not known. The proposed study 
can, like the study by Van der Weel and Van der Meer (2009), be seen as an attempt to provide a 
physiological explanation for the theory of ߬. On the other hand, a great benefit of intrinsic ߬-coupling 
analysis is that its descriptive value, k, can be interpreted both within and outside (general) ߬ theory. 
This is a result of the ߬ீ-curve being able to act as a single standard. The k values are particularly useful in quantifying the ‘skewing’ of the velocity profile of the SWF (figure 2 & 3c). The way the 
velocity profile skews, to the left or right, could simply be interpreted in terms of the temporal 
dynamics of how neuronal assemblies achieve their summed PSP’s, although the exact neuronal 
correlates would remain speculative. Various ways the velocity profiles can take shape are illustrated 
in figure 2 along with their corresponding ߬ீ  curves. High percentages of ߬-coupling would still be required to be able to draw statistically valid conclusions about the skewness of the velocity profile. 
However, ߬-coupling would in this case be merely a prerequisite to the regression analysis. 
 Essential for the Van der Weel and Van der Meer (2009) study was that VEP’s occurred while 
the looming stimulus was still in motion. Van der Weel and Van der Meer hypothesized that looming 
information is processed in real-time, and that the VEP could be ߬-coupled with the temporally 
corresponding portion of the loom. It would thus have been impossible for them to ߬-couple VEP’s 
occurring after the looming stimulus had ended (i.e. there would be no looming stimulus left to ߬-
couple them with). Because the present study couples the SWF of the VEP to ߬ீ , and not to the ߬ of the loom, it was possible to include the VEP’s that occurred after stimulus-end. (Because of the 
continuous nature of the looming stimulus several VEP’s can come about during the same looming-
trial, see Appendix A for an example of a trial showing both an early- and a motion-offset VEP). 
 It has to be added, however, that stimulus-end does not equal time-point of impact. The VEP’s 
analyzed by the present study occurred in the few milliseconds after visual input was terminated; i.e. 
right after stimulus-end. After the looming stimulus has filled the screen completely at stimulus-end 
the loom (now completely imaginary) still has some distance to cover from screen to subject. Because 
visual input is now no longer updated, it is assumed a timing strategy or an internally generated 
reference such as ߬ீ  is employed at this point to prepare for the subject for impact. This would allow the subject to blink in time, flex the neck muscles or to divert the face. 
 Because of the assumption that ߬ீ  is employed after the looming stimulus is no longer visible, motion-offset VEP’s would be the preferred VEP’s for analysis, provided that enough occur during 
trials. Additional advantage of this VEP is that if loom-speed processing is not ߬-driven, this last VEP in 
the possible series is generated at a point the infant brain has gathered the maximum amount of 
visual information on which to base an estimation of loom-speed. While information about object-
motion would come too late at the point of motion-offset to evade or interact with the approaching 
object, it would come in time to know when to blink. Earlier research by Yonas (1981) showed that 
starting from the age of 4 months, blinking becomes a highly reliable response to optical collisions in 
infants. 
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Appendix D: The intrinsic ߬-coupling analysis algorithm and the interpretation of k 
 
The ultimate goal of the Matlab-script “TauGUI” is to quantify the kinematics of the SWF in a single 
parameter called k, by carrying out a series of computations, which will be described in detail below. 
Insight in how k-values are calculated from the VEP and the tau-guide (߬ீ), can provide further insight in how to interpret the values for this parameter. 
 
First the program calculates the temporal dynamics of the SWF’s sequence of data points: the rate-of-
change, or velocity of the voltage, and plots this together with the original voltage data. In the GUI-
screen the graph in figure D.1 becomes visible. In the figure it can be seen that the part of the velocity 
profile within the orange square is bell-shaped. The bell-shape skews slightly to the right. From this 
observation it can be stated that the acceleration-phase of the change in voltage is slightly longer than 
the deceleration-phase (compare with figures 2, X, X & X, all calculated from the same VEP-data). 
 
TauGUI identifies where the peaks and valleys in the SWF-file occur and allows the user to select an 
up- or down-section. After the user selects the relevant section, the program can go on to compute a 
value for parameter k in its intrinsic ߬-coupling analysis algorithm. 
 
The first calculation has already been made while generating the velocity profile. For each discrete 
sample (i.e. interval between two consecutive data-points) a value for velocity ܺ௩௘௟  is given:  
Velocity for sample 1 = X1-X2; 
Velocity for sample 2 = X2-X3; etc. 
 
This may yield a velocity profile such as in figure 7. 
 
Figure D.1. Part of the graphic user interface (GUI) screen of TauGUI. SWF activity and its velocity profile. The blue line 
represents the voltage level measured by the EEG apparatus. The green line represents the rate-of-change of the voltage, 
or differently put, the velocity at which the changes in voltage take place. This can also be understood as the current. The 
orange square highlights the down-section the user will select for further analysis; namely, the blue line between the red 
X’s. Note that the rate of change is zero where peaks and valleys occur in de SWF, and the greatest velocity is reached at 
time point 0,22. The velocity profile is ultimately described as parameter k. The larger the value of k the longer the 
acceleration phase and the more abrupt the deceleration to the maximum (negative) voltage. The k-value calculated for the 
section highlighted in the figure was 0,284. 
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The value of k is determined by performing a recursive linear regression analysis of the ߬ of the 
voltage, called ߬X on the ߬ of the tau-guide, ߬ீ . ߬X is calculated by first subtracting each consecutive data-point starting from the beginning with the last point in the section: Xi-Xend. The resulting values 
will follow the same sigmoidal curve as the original voltage data, but ending in zero (figure 1). This 
means that zero-negativity is the point where movement, or the change in voltage, has found its 
resolution (zero movement). To get the ߬ of X, the resulting numbers are divided by the velocity of 
each interval: 
 
 ߬ଡ଼ = (X୧ − Xୣ୬ୢ)/ X୴ୣ୪  
The ߬ீ  values are generated using the following equation:  
 ߬ୋ =  12 ( t −
Tୋଶt  )  
Duration, or TG is the only adjustable parameter in the equation; it is set to the length of the imported 
SWF’s down-section for which the ߬X values were calculated. When plotted together, the curves of ߬X 
and ߬ீ  may look like the graph in figure 8. In figure 9 it is illustrated that smaller k values have a shorter acceleration phase, which means that for larger k values maximum negative voltage is reached 
while speed is still high. In the final step of the process regression analysis is performed with ߬ீ  as the 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Velocity Profile
Vel_interval kappa * Vel_interval
Figure D.2. A velocity profile, calculated from a down-section such as highlighted in figure 6. Actual velocity is omitted 
since it was not calculated. The blue line represents the continuous signal, while the vertical lines indicate the discrete 
samples. The relative speed of the first sample was not calculated but should equal zero. Kappa values indicate 
discrepancy between TauX and TauG. By multiplying the velocity-curve with kappa the ‘ideal’ or tauG-standard velocity 
profile becomes visible. 
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independent variable and ߬X as the dependent variable. In figure 10 it is illustrated that the program’s 
results can be verified and reproduced using Microsoft Excel and IBM SPSS Statistics. 
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Figure D.3: by multiplying k with tauG the predicted curves for TauX are shown. In correspondence with the curves 
generated by David N. Lee (figure 3), this original data shows that smaller k values have a shorter acceleration phase. For 
larger k values maximum negative voltage is reached while speed is still high. The curves are set against normalized time 
for comparison. 
Figure D.4. The final step in the TauGUI program is to perform regression analysis. Here the program’s results are verified 
and reproduced using Microsoft Excel and IBM SPSS Statistics. The k-value is the same as the slope of the regression line 
and has a value of .284 (see also figure 2, figure 7, figure 8 and figure 9 (grey curve). The regression line is dotted. 
TauG 
TauX 
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A final point about the SWF, its velocity profile and the k-values needs to be made. The velocity 
profile, from which ߬X is derived, can be related to as a profile of the flow of electric charge 
(instantaneous current) within the cortex (figure D.5).  
 
The process through which a dipole is achieved, as described in Appendix A, was possible by virtue of 
the conductance in and outside of the neuron and the phospholipid bilayer acting as an insulator. 
These properties in effect make that the cell membrane approximates an ideal capacitor. (A capacitor 
is a device used to store an electric charge, consisting of one or more pairs of conductors separated by 
an insulator). The flow of electrons through a capacitor is directly proportional to the rate-of-change 
of voltage across the capacitor. For an ideal capacitor this means that the profile of the rate-of-change 
of voltage is equal to the current. Because the cell membrane approximates the ideal capacitor it can 
be said that the rate of charge accumulation is representative of the current. This means that the 
model in figure D.5 may apply. However, the electrophysiological signal picked up by the EEG is 
measured at a distant reference, i.e. at the scalp, and is thus vulnarable to volume-conducted far-field 
effects. It can therefore not be said that the velocity profile of the potential measured at the scalp can 
be related to the electrophysiological properties of neuronal assemblies where the influx and efflux of 
ions is concerned. Nevertheless, bias in measurement caused by volume conductance, orientation of 
dipoles (see Appendix A) and resitance of the skull will be consistant during an EEG experiment. 
Inferences drawn from the measured potential at the scalp are therefore valid, and it can be said that 
the velocity profile of the voltage is representative of the current. 
 
  
 
Figure D.5. Lower k-values indicate that the 
voltage (e) slope reaches its maximum relatively 
early during the VEP. This is also the point where 
current (i) reaches its maximum. The voltage 
slope will also be steeper at its maximum than 
would be the case for VEP’s for which higher k-
values were calculated. As can be seen in figure 3, 
however, maximum current remains relatively 
constant for all values of k beyond the point of 
k=.5. Note that voltage is only positive or negative 
relative to a reference point, which is arbitrary. 
(Kuphaldt, 2016) 
